Leptospirosis is one of the most common zoonotic diseases in the world, resulting in high morbidity and mortality in humans and affecting global livestock production. Most infections are caused by either Leptospira borgpetersenii or Leptospira interrogans, bacteria that vary in their distribution in nature and rely on different modes of transmission. We report the complete genomic sequences of two strains of L. borgpetersenii serovar Hardjo that have distinct phenotypes and virulence. These two strains have nearly identical genetic content, with subtle frameshift and point mutations being a common form of genetic variation. Starkly limited regions of synteny are shared between the large chromosomes of L. borgpetersenii and L. interrogans, probably the result of frequent recombination events between insertion sequences. The L. borgpetersenii genome is Ϸ700 kb smaller and has a lower coding density than L. interrogans, indicating it is decaying through a process of insertion sequence-mediated genome reduction. Loss of gene function is not random but is centered on impairment of environmental sensing and metabolite transport and utilization. These features distinguish L. borgpetersenii from L. interrogans, a species with minimal genetic decay and that survives extended passage in aquatic environments encountering a mammalian host. We conclude that L. borgpetersenii is evolving toward dependence on a strict host-to-host transmission cycle.
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genome sequence ͉ leptospirosis ͉ spirochete L eptospirosis is one of the most widespread and significant zoonotic diseases in the world, with Ͼ500,000 human cases annually and a mortality rate up to 23% (1) . Leptospirosis, caused by diverse species within the genus Leptospira (2), ranges in severity from a mild influenza-like disease to an acute potentially lethal infection (3) . Human epidemics coincide with seasonal flooding in areas with insufficient sanitation, highlighting a need to improve disease control and prevention strategies (4) . Maintenance host species rarely exhibit clinical signs of disease, whereas infection of nonmaintenance host species often results in fever, malaise, and hemorrhage, culminating in organ failure and death (5) . The nearly ubiquitous distribution of pathogenic Leptospira in wild and domesticated animal species creates a persistent source of infection coupled with a direct impact on human health and livestock production (5) .
Leptospira is one of several genera within the family Spirochaetales, an early branch in eubacterial evolution that, as a group, has unusual patterns of genetic organization and uses unique mechanisms of genetic regulation (6) . Pathogenic Leptospira species share a common branch in evolution, distinct from saprophytic species (7, 8) . Two of the largest phylogenetically distinct pathogenic species are Leptospira borgpetersenii and Leptospira interrogans, which, combined, cause most cases of leptospirosis and encompass 48% of the known 230 distinct antigenic types referred to as serovars (2) . Although the clinical symptoms of infection due to these two species are similar, they are transmitted differently; L. interrogans is commonly acquired from contaminated surface water, whereas epidemiological data support a host-to-host transmission cycle for L. borgpetersenii.
To gain a better understanding of the genetic potential of Leptospira, we determined the complete genomic sequences of two strains of L. borgpetersenii serovar Hardjo, L550 and JB197. These virulent strains represent two distinct clonal subtypes (9) with different capacity to infect hamsters, which are commonly used for pathogenesis studies (5) . Comparison of the L. borgpetersenii and L. interrogans genomes (10, 11) reveals substantial differences in genetic content and organization and suggests L. borgpetersenii is undergoing a process of insertion sequence (IS)-mediated genome reduction. We propose that the patterns of gene loss found in L. borgpetersenii provide a model useful for understanding early genetic events as bacteria evolve from generalists to host-dependent pathogens.
Results and Discussion
Genome Organization and General Features. The genomes of two virulent strains of L. borgpetersenii serovar Hardjo, strains L550 and JB197, were sequenced and compared. Like other members of the genus Leptospira (10-12), L. borgpetersenii serovar Hardjo strains L550 and JB197 have two chromosomes; the large chromosomes (CI) contain 3,614,446 and 3,576,473 bp, and the small chromosomes (CII) contain 317,336 and 299,762 bp, respectively ( Table 1) . The putative replication origins of both CI and CII were localized by GC skews (Fig. 1) . In CI, the GC skew coincides with genes common to bacterial chromosomal replication origins (e.g., dnaA and gidA; ref. 13) , whereas in CII, this region is adjacent to parAB, a finding consistent with the ParAB partition proteins having a role in segregating new copies of this replicon to daughter cells (14) . The CI replicons of L550 and JB197 have similar but distinct patterns of GC skew, likely because of the presence of several rearrangements.
The L. borgpetersenii CI replicon resembles a typical bacterial chromosome possessing most housekeeping genes, including those encoding all ribosomal and transfer RNA species, most ribosomal proteins, DNA synthesis, and chromosomal replica-tion processes. As in other Leptospira spp., the rRNA genes are not organized in operons but are dispersed around the CI replicon (15 Table 2 , which is published as supporting information on the PNAS web site) were discovered in the L. borgpetersenii genome; these elements also promote pseudogene formation. At several loci, multiple copies of different IS elements are found in close proximity or are integrated with each other to generate complex loci up to 5 kb in length. Two of these loci are shared by both strains, indicating they are stable, and predate the divergence of the serovar Hardjo A and B subtypes.
A group II intron, belonging to a class of elements previously unidentified in spirochetes, is integrated within the CI replicon. Group II introns can be transferred between bacteria on conjugative elements and move from site to site within a bacterium by retrotransposition (17) ; their presence in L. borgpetersenii provides evidence for lateral transfer in Leptospira.
Comparative Genomics of L. borgpetersenii Strains. The CI replicons of L. borgpetersenii strains L550 and JB197 share extensive regions of synteny disrupted by IS-mediated rearrangements (Fig. 2) . For example, recombination between copies of IS1533 Ϸ29 kb from the CI replication origin created a rearrangement that inverted the gene order over most of the length of the chromosome (Fig. 2 ). In addition, copies of IS1533 flank a unique 24-kb duplication of the S10-spc-␣ ribosomal protein operon in strain L550. By contrast, the CII replicons of strains L550 and JB197 are nearly collinear, except for an 18-kb insertion in strain L550 (Fig. 4 , which is published as supporting information on the PNAS web site), flanked at both ends by IS elements.
Approximately 55% of the putative L. borgpetersenii proteins contained regions of similarity to recognized motifs that facilitated classification according to the Clusters of Orthologous Groups scheme (ref. 18; Fig. 5 , which is published as supporting information on the PNAS web site). These data show both strains are similar, with the exception of translation proteins, the result of the S10-spc-␣ duplication in strain L550. The prominence of IS elements in L. borgpetersenii is evident in DNA recombination and repair functions associated with transposases. Approximately 12% of the L. borgpetersenii coding sequences (CDS) encode transposases (4%) or are pseudogenes or gene fragments (8% ; Table 1 and Table 3 , which is published as supporting information on the PNAS web site). Excluding pseudogenes or transposases, the L. borgpetersenii genome contains 2,842 (strain L550) and 2,770 (strain JB197) CDS. L. borgpetersenii serovar Hardjo subtypes A and B establish chronic infections in cattle, their normal maintenance host, and can cause acute infections in humans but differ in their ability to infect hamsters. Strain JB197 (subtype B) causes acute lethal infections in hamsters characterized by extensive tissue hemorrhage (D.P.A. and R.L.Z., unpublished work), whereas subtype A strains capable of acute infections in hamsters have not been identified. Despite these differences, few genes unique to either strain were identified; strain L550 has 22 nonorthologous genes relative to strain JB197, whereas strain JB197 has eight nonorthologous genes relative to strain L550 (Table 4 , which is published as supporting information on the PNAS web site). Most genetic diversity between strains L550 and JB197 is due to pseudogenes and genes harboring point mutations. Mutations leading to nonconservative amino acid changes occur in a wide range of L550 and JB197 genes, including those encoding thermotolerance, sensory transduction, chemotaxis, and transcriptional regulatory functions, and may account for the observed phenotypic differences between these strains.
Comparison of L. borgpetersenii to L. interrogans. Substantial differences in the organization of the L. borgpetersenii and L. interrogans genomes (Fig. 2) are likely due to IS-mediated rearrangements. Surprisingly, most putative operons are not disrupted, but their location is altered. The L. borgpetersenii genome is 16% smaller than L. interrogans. As noted above, 12% of L. borgpetersenii CDS encode transposases or are pseudogenes or gene fragments, as compared with Ͻ4% in L. interrogans. We interpret these data as an indication that L. borgpetersenii is undergoing a process of IS-mediated genome reduction after the paradigm established in the genus Bordetella, where DNA loss through recombination events between IS elements may be the primary mechanism of speciation (19) . In contrast, L. interrogans may be undergoing genome expansion by gene duplication and acquisition, as evidenced by the presence of novel genes relative to L. borgpetersenii, including potential phage genes (10, 11) . We propose that simultaneous genome reduction in L. borgpetersenii and genome expansion in L. interrogans reflect differences in the environments these species traverse during transmission between hosts.
Evidence for this hypothesis came from comparison of the L. interrogans and L. borgpetersenii genomes, a process made possible only through reannotation of the two published L. interrogans genomes (see Materials and Methods), thereby providing consistent annotation criteria for both species. This comparison showed that functions lost by L. borgpetersenii are concentrated in genes encoding proteins that impair adaptation to, and survival in, diverse environments, e.g., sensory transduction and defense mechanisms. The presence of fewer metabolic and solute transport functions (Fig. 3) likely limits the diversity of nutrients that can be consumed by L. borgpetersenii. In contrast, L. interrogans has more signal transduction, transcriptional regulatory factors, and diverse metabolic and solute transport functions (Fig. 3) , consistent with its capacity for extended survival in water (20) . To test this model, we compared L. borgpetersenii and L. interrogans survival in water at 20°C and found that L. borgpetersenii lost Ͼ90% viability within 48 h, whereas L. interrogans retained 100% viability over the same time period. L. interrogans retained 30% viability over a 3-week incubation, by which time no viable L. borgpetersenii were detected (R.L.Z. unpublished data). These results support our hypothesis that L. borgpetersenii does not tolerate nutrient deprivation and does not survive passage through water. Two genes in L. interrogans that closely resemble the Myxococcus xanthus devR and devS genes and that are absent in the L. borgpetersenii genome may facilitate passage in water between mammalian hosts. The M. xanthus devRS genes are essential for fruiting-body development, a process induced by nutrient deprivation that prepares bacteria for long-term survival (21) . We conclude that impairment of environmental sensing and metabolite transport and utilization functions in L. borgpetersenii limits its capacity to acquire nutrients and survive in environments external to a mammalian host. Conversely, L. interrogans appears well tailored for long-term survival in aquatic environments and can easily adapt to mammalian hosts. This interpretation is consistent with epidemiological studies that show L. interrogans infections usually result from exposure to contaminated surface water, whereas L. borgpetersenii infections occur by direct contact with bacteria-contaminated body fluids.
Among the 137 genes in the L. borgpetersenii genome that lack orthologous counterparts in L. interrogans are several genes that offer insight into key differences between these two species. For example, L. borgpetersenii has a dam-methylase and several unique transcriptional regulators, which probably exert considerable influence on gene regulation. Surprisingly, L. borgpetersenii has two sets of cytochrome c-related genes, one set that shares extensive similarity with its L. interrogans counterpart, and a second that is similar to cytochrome-c genes from a broad group of eubacterial species. Unique potential virulence factors (see below) may also affect L. borgpetersenii pathogenesis.
Membrane Proteins and Protein Secretion. Membrane proteins have an essential role in nutrient acquisition, environmental signaling, and cell homeostasis, yet there has been little functional analysis of most Leptospira membrane proteins. Approximately 31% of L. borgpetersenii genes encode proteins with a predicted membrane location, a value similar to L. interrogans. Identification of potential outer membrane proteins (OMPs) is essential for subunit vaccine development, and we focused on two classes of membrane proteins, ␤-barrel proteins and lipoproteins. Integral OMPs usually assume a ␤-barrel conformation (22) , and 50 and 49 proteins were found in strains L550 and JB197, respectively, with potential to assume this conformation, including OmpLI, a proven transmembrane porin (23) , and TonB-and TolC-related proteins (Table 5 , which is published as supporting information on the PNAS web site). Lipoproteins activate host cells to induce a proinflammatory response (24) and may elicit protective immunity (25) . We identified 128 and 121 putative lipoproteins (not including pseudogenes) in strains L550 and JB197, respectively, including all known Leptospira lipoproteins and an OmpA homolog (Table 6 , which is published as supporting information on the PNAS web site). In Escherichia coli, lipoproteins are processed by a Type II signal peptidase (SPase) and sorted to the inner or outer membrane by the Lol system (26) . L. borgpetersenii has one Type II SPase, but only the inner membrane components of the Lol transport system (LolCDE) were identified, suggesting L. borgpetersenii may use an alternative system to transport lipoproteins to the outer membrane.
L. borgpetersenii utilizes Type I and Type II secretory systems to export proteins from the cytoplasm. The Type I secretion system, exemplified by ABC transporter proteins is Sec-independent (27); there are 18 distinct permeases associated with ABC transporters identified in L. borgpetersenii. The Type II secretion genes are organized in a single cluster. This translocation system interacts with and relies on Sec translocase to deliver proteins, including toxins and hydrolytic enzymes, to a variety of extracytoplasmic destinations (27) . The signal peptides of Sec-translocase exported proteins are removed by Type I SPases. L. borgpetersenii resembles Gram-positive bacteria by the presence of three Type I SPases. Gram-negative bacteria typically have one Type I SPase, (28) , raising the intriguing possibility that L. borgpetersenii may export virulence proteins by a specific Type I SPase as recently reported for Listeria monocytogenes (29) .
Environmental Sensing and Gene Regulation. Leptospira differentially regulates transcription of several genes, but the regulatory mechanisms have not been characterized. For example, the virulence proteins LigA and LigB are induced by increased osmolarity (30) , and LipL36 is down-regulated during infection (31) . Because differential gene regulation can directly affect bacterial functions during infection, we focused our analysis on gene regulation as it relates to environmental sensing and discovered intriguing differences between L. borgpetersenii and L. interrogans.
L. borgpetersenii genes encoding the transcription initiation factors 70 and 54 were identified, suggesting that these factors are used for generalized (32) and differential transcription (33) , respectively, as in other bacterial genera. Three classes of signal transduction factors used by bacteria to adapt to changes in the extracellular environment were identified in L. borgpetersenii: extracytoplasmic function (ECF) factors, two-component response regulators (34) , and GGDEF response regulators (35) . We predict that the 11 L. borgpetersenii ECF genes either have unusual patterns of regulation or may be nonfunctional, because the genes encoding cognate regulatory factors including the anti-factor antagonist and factor regulator (36) , which are commonly cotranscribed with the ECF, are instead dispersed around the genome. Likewise, only 18 of the two-component response regulators are paired with the cognate histidine kinases in L. borgpetersenii, as compared with 24 complete response regulator-histidine kinase pairs in L. interrogans. Additionally, five GGDEF response regulators were found in L. borgpetersenii, which is less than half the number found in L. interrogans. Consistent with few functional response regulators, L. borgpetersenii has 23% less putative transcriptional regulatory proteins than L. interrogans. However, two transcriptional regulators important for survival in a mammalian host, Fur, the iron response regulator, and HcrA, which regulates response to thermal stress (37) , are present in both species. Collectively, these findings are consistent with our hypothesis that L. borgpetersenii is deficient in the ability to sense and therefore adapt to diverse external environments that may be encountered between mammalian hosts. Potential Virulence Traits. L. borgpetersenii and L. interrogans are capable of causing serious human infections and yet establish chronic infections in maintenance hosts. Many potential virulence traits are shared between both species, but several important differences were identified. Shared traits include the presence of several well conserved proteases that may facilitate tissue invasion, including 10 trypsin-like serine proteases, four zincdependent proteases, and a collagenase. An unusual vitamin K-dependent ␥ carboxylase, vgc, may affect hemostasis during infection (38) . Attachment of factor H to the surface of Leptospira spp. by the conserved protein LfhA (39) may inactivate C3b and interfere with the antibacterial action of complement.
L. borgpetersenii has two unique N-acetylneuraminic acid synthetases that may prevent detection by the host immune system by coating the cell surface with sialic acid; homologous genes were not detected in the L. interrogans genome. There may also be species-specific differences in how Leptospira disrupt cellular integrity through the action of sphingomyelinases; L. borgpetersenii has three sphingomyelinase genes vs. five found in L. interrogans.
Differences in potential adhesins may alter how L. borgpetersenii and L. interrogans interact with their hosts. L. borgpetersenii has a unique HA-like protein that may facilitate attachment to host tissue. Other potential adhesins include integrin ␣ proteins with FG-GAP repeat motifs (10) and leucine repeat proteins (40) Bacteria that rely on a eukaryotic host for survival include pathogens, e.g., Treponema pallidum (42) , and symbionts, e.g., Buchnera aphidicola (43) , and often have reduced genomes with limited metabolic potential and limited capacity to respond to changes in the extracellular environment (44) . The initial steps leading to this level of host dependence are unclear. Our findings comparing the L. borgpetersenii to L. interrogans genomes suggest that loss of sensory transduction functions impairing host-free survival is a critical step early in the evolution of host dependence. Reliance on direct contact for transmission between hosts removes selective pressure on bacteria to retain genes required for survival outside the host but also limits access to gene pools available in diverse environments. This model is consistent with our observation that L. borgpetersenii does not survive nutrient deprivation and is limited to a direct host-to-host transmission cycle, whereas L. interrogans, by virtue of its superior coding capacity, can withstand prolonged nutrient deprivation and maintain a transmission cycle that often involves passage through surface water between mammalian hosts.
Materials and Methods
Bacteria. L. borgpetersenii serovar Hardjo strain L550 was isolated in Australia from a human patient with leptospirosis contracted from exposure to infected cattle. Strain JB197 was isolated in the U.S. from a beef steer at slaughter (45) . Standard methods were used to confirm the A and B subtypes of both strains (9) . Genomic DNA was isolated from a colony-purified stock of strain L550 after seven passages following initial isolation. A colony-purified seed stock of strain JB197 was passed through a hamster and isolated from liver, and genomic DNA was isolated directly from the expanded culture.
Sequencing. Plasmid libraries were prepared in pSmart (LucigenMiddleton, WI; strain L550) and pZERO-1 (Invitrogen, Carlsbad, CA; strain JB197) by using sheared DNA with insert sizes of 3-5 and 5-7 kb. Whole-genome shotgun sequencing of randomly picked clones, followed by primer walking and PCR amplification was used to complete each sequence. In total, 40,686 and 60,391 sequencing reads were used in the final assembly providing coverage of 6ϫ and 9ϫ (46) , with overall error rates of 0.9 and 0.02 errors per 10,000 bp for strains L550 and JB197, respectively. Phred, Phrap, and Consed programs were used for genome assembly (47) (48) (49) (50) , supported by scripts written in Perl for various tasks.
Data Analysis. Annotation was done by using Wasabi (T.S., unpublished data; available on request), an interactive platform that links several data analysis programs to identify putative coding regions, provides biochemical information for each protein, identifies homologs, and stores these data in a retrievable format by using a MySQL database structure. Putative CDS were identified with GeneMarkS (51), Glimmer, and Artemis (52), and then clustered according to the position of stop codons. Database searches for each CDS were done by using National Center for Biotechnology Information BLASTP analysis against the GenBank nonredundant protein database. Features for each predicted protein were determined by using RPS-BLAST against the Conserved Domain Database, PSORT (53), PSORTb, CELLO (54), LipoP, SpLip (55), SignalP, TMHMM, and TMpred (56) . ␤-Barrel protein structures were predicted by using BOMP (57) .
Orthologous and paralogous genes were identified within spirochete genomes by using BLASTP analysis of databases of L. borgpetersenii serovar Hardjo strain L550 and strain JB197 genomes and spirochete-specific databases for B. burgdorferi (58) , L. interrogans serovars Copenhageni (10) and Lai (11), T. denticola (42) , and T. pallidum (59) by using a cutoff e value of 1 ϫ 10 Ϫ6 .
To facilitate direct comparison of the L. borgpetersenii and L. interrogans genomes, we revised the annotation features of both serovars Copenhageni and Lai to apply consistent annotation terms across all four genomes. This process removed 1,206 putative CDS and added 52 previously unidentified CDS to the previous Lai annotation (11) , resulting in 3,613 recognized CDS. The revised L. interrogans serovar Copenhageni annotation contains 3,530 recognized CDS after removal of 287 CDS and addition of 91 CDS (10) . These revised annotations are accessible at http:͞͞vbc.med.monash.edu.au͞genomes.
